This study aimed to evaluate the effects of dietary supplementation of Saccharomyces cerevisiae fermentation product (SCFP) during late pregnancy and lactation on sow productivity, colostrum and milk composition, and antioxidant status of sows in a subtropical climate. The study was a 2 × 2 factorial treatment design where the first factor was environmental THI level [Low THI
This study aimed to evaluate the effects of dietary supplementation of Saccharomyces cerevisiae fermentation product (SCFP) during late pregnancy and lactation on sow productivity, colostrum and milk composition, and antioxidant status of sows in a subtropical climate. The study was a 2 × 2 factorial treatment design where the first factor was environmental THI level [Low THI (08:00-19:00: 70.76 ± 0.45, 19:00-08:00: 67.91 ± 0.18, L-THI) or High THI (08:00-19:00: 75.14 ± 0.98, 19:00-08:00: 68.35 ± 0.18, H-THI], and the second factor was dietary treatment (supplemented with or without 3 kg/t SCFP). A total of 120 sows were randomly allotted to the four treatments (n = 30). The feeding trial was conducted from 85-days post-breeding until 21-days post-partum. Compared with L-THI group, sows from H-THI group had lesser individual piglet birth weight, individual piglet weight at weaning, preweaning average daily gain of piglets, average daily feed intake of sows during lactation, and protein percentage in 14-days milk. Additionally, sows from H-THI group had lesser antioxidant status, indicated by lesser serum total antioxidant capacity (T-AOC), and superoxide dismutase (SOD) activity at parturition; lesser serum T-AOC and glutathione peroxidase (GSH-Px) activity at 14-days post-partum, as well as lesser SOD activity in colostrum. Compared with sows fed the control diet, sows fed the SCFP diet had greater number of piglets weaned, litter weight at weaning, and preweaning average daily gain of piglets. Moreover, sows fed the SCFP diet had improved antioxidant status as indicated by higher serum T-AOC at parturition, and lesser malondialdehyde (MDA) content in colostrum and 21-days milk. In conclusion, H-THI negatively affected the productivity, milk composition,
INTRODUCTION
Over fifty percent of total world meat and 60% of total world milk production are produced in tropical and subtropical areas, and livestock production in these regions will continue to provide significant meat production in the future (1) . Heat stress is a primary factor adversely influencing welfare and production efficiency of sows in hot weather (2) (3) (4) , which results in substantial economic losses for the swine industry (5) . THI (temperature-humidity index) is commonly used as an indicator of the degree of heat stress (2, 6, 7) . Under heat stress conditions, sows usually exhibit decreased feed intake, reduced colostrum and milk yield, and reduced milk quality (8) . It has been reported that sows under heat stress suffer from oxidative stress, especially perinatal sows, related to high metabolism required for the rapid growth and development of the fetus and mammary gland, and for colostrum and milk production (9) (10) (11) .
Saccharomyces cerevisiae fermentation product (SCFP) is a fermentation product using an unmodified strain of Saccharomyces cerevisiae, which includes fermentation products, residual yeast cells, fermentation media, and yeast cell wall components (12) . It's demonstrated that antioxidant additives are beneficial for livestock under stressful conditions (13) (14) (15) . SCFP is a widely-used feed addictive characterized as having antioxidant function (16, 17) , and anti-heat stress function (16, (18) (19) (20) (21) , and was reported to improve lactation performance and health status of dairy cows under heat stress conditions (16, (18) (19) (20) . SCFP was also reported to improve lactation performance of sows (12, 22, 23) . Kim et al. reported feeding SCFP (12 and 15 g/d during gestation and lactation, respectively) to sows during middle and late pregnancy and lactation increased litter weight gain by 6.9% (P < 0.01) (23). Kim et al. conducted another study involving 491 mixed-parity sows to explore the effects of feeding SCFP to sows during middle, late gestation and lactation on sow productivity, and they reported that SCFP supplementation increased litter weight gain for the multiparous sow (22) . Similarly, Shen et al. reported the effects of supplementation of SCPF during whole gestation and lactation on sow and litter performance, and found that feeding 12 (gestation) and 15 g/d SCFP (lactation) to sows had no effect on reproductive performance of sows, but improved litter weight at weaning (P = 0.068) and litter weight gain (P = 0.084) (12) . However, less is known about the effects of feeding SCFP to sows during late gestation and lactation on sow productivity, colostrum and milk composition, and antioxidant status under heat stress conditions. Therefore, it is hypothesized that feeding SCFP to sows during the perinatal period can alleviate the negative impact of high THI as an indicator of heat stress, including poor lactation performance, colostrum and milk composition, and antioxidant status of sows in a subtropical climate.
MATERIALS AND METHODS

Experimental Design
This study was carried out as a 2 × 2 factorial treatment design, in which the first factor was environmental THI level [Low THI (08:00-19:00: 70.76 ± 0.45, 20:00-09:00: 67.91 ± 0.18, L-THI) or High THI (08:00-19:00: 75.14 ± 0.98, 20:00-09:00: 68.35 ± 0.18, H-THI)], and the second factor was dietary treatment (supplemented with or without 3 kg/t SCFP, Diamond V Original XPC, Diamond V, Cedar Rapids, IA). A total of 120 sows (Land-race × Yorkshire, parity 3-8) were randomly allotted to four treatments according to historical reproductive performance, body condition and parity (n = 30). The feeding trial was conducted from 85-days post-breeding until 21-days post-partum, and then sows were transferred to a mating house, and the estrus rate to 7 days post-weaning was recorded. The feeding trial was carried out in a commercial pig farm in a subtropical climate region, Jiangmen City, Guangdong province in China, in summer, 2015. Sows in the L-THI group were reared in pad-fan cooling house both in late gestation and lactation, while sows in H-THI group were reared in a traditional house with natural ventilation. The temperature and relative humidity were recorded using an automated thermo-hygrometer (Wseries, Wangyunshan, Fujian, China). The THI was calculated using temperature and relative humidity as parameters according to the method of Wegner et al. Table 1 .
Diets and Management
The experimental diets were corn and soybean-based diets with ingredient composition and nutritional levels listed in Table 2 . The nutritional levels met or surpassed the nutritional requirements of sows during late pregnancy and lactation (24) . The feeding trial was conducted from 85-days post-breeding until 21-days post-partum. During late pregnancy, all sows were fed 2.5∼3.5 kg/d experimental diet according to their body condition. At 111-days post-breeding, sows were transferred to a farrowing house, and had ad libitum access to the experimental diets and water until 21-days post-partum (at weaning). Piglets were cross-fostered within treatments by 48 h post-partum, and litter sizes were adjusted to 10 ± 1 piglets. Piglets were provided creep feed at 7-days of age. After weaning, sows were transferred to a breeding house, and the estrus rate to 7 days post-weaning was recorded.
Data and Sample Collection
Sow Productivity
At parturition, the reproductive performance data were recorded, including the number of total born, born alive, weak (birth weight >0.8 kg), healthy piglets, litter birth weight, and individual birth weight. With-in 48 h post-parturition, piglets per litter were adjusted within treatment group, and the litter size, litter weight, and individual weight were recorded after being cross-fostered. Average daily gain of piglets, survival rate of piglets, lactation average daily gain of sows, and the estrus rate to 7 days postweaning were recorded.
Serum Sample
A subset of 6 sows was randomly selected and sampled for blood using ear venipuncture method at day 85 of pregnancy, and day 0 and 14 of lactation. After sampling, blood was kept at room temperature for 1 h, and then centrifuged at 3,500 rpm for 10 min. The serum was separated, transferred into micro-tubes, and stored at −80 • C until analysis.
Colostrum and Milk Sample
Colostrum, 14-days milk and 21-days milk were sampled within 24 h post-parturition, and day 14 and 21 of lactation, respectively. Milk samples were collected after intramuscular injection of 20 IU oxytocin and stored at −80 • C until analysis.
Chemical Analysis
Colostrum and Milk Composition
The colostrum and milk composition including solids-not-fat, protein, lactose, and fat were analyzed via an automated milk analyzer (Milk-Yway-CP2, Beijing, China).
Antioxidant Status
Antioxidant status of serum, colostrum and milk were analyzed as described in our previous study (25) (26) (27) using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The antioxidant status estimates included T-AOC, GSH-Px activity, SOD activity, GSH content, and MDA content.
Statistical Analysis
Statistical analysis was conducted using General Linear Model procedure of SPSS 22.0 software (SPSS, INC., Chicago, IL, USA), arranged as a 2 × 2 factorial design with the THI level and dietary treatment being the main factors. The following model was used:
, AB ij = interaction effect between THI level and dietary treatment, e ijk = random error. In case of a significant interaction, the significance of differences among treatments was detected using the Student Newman-Keuls Test. The estrus rate of sows during 7 days post-weaning and survival rate of piglets were analyzed as binomial traits (e.g., returned to estrus or not, survived or not) using chi-square test. Results were expressed as mean and SE except for the estrus rate of sows during 7 days post-weaning and survival rate of piglets as percentage. Probabilities <0.05 were regarded as significant, and probabilities >0.05 and <0.10 were regarded as tendencies among treatments.
RESULTS
Reproductive Performance
The effects of dietary supplementation of Saccharomyces cerevisiae fermentation product during late pregnancy and lactation on reproductive performance of multiparous sows in a subtropical climate are shown in Table 3 . Compared with L-THI, sows from H-THI had lower individual piglet birth weight (P < 0.10). Dietary supplementation of SCFP did not affect the reproductive performance of sows (P > 0.10), averaged over temperature-humidity index treatment. The THI × diet interaction influenced the number of piglets born, live piglets born, healthy piglets and individual piglet birth weight (P < 0.05). The estrus rate of sows during 7 days post-weaning was unaffected by experimental treatments (P > 0.10).
Lactation Performance Table 4 shows the effects of dietary supplementation of Saccharomyces cerevisiae fermentation product during late pregnancy and lactation on lactation performance of multiparous sows in a subtropical climate. Compared with L-THI group, sows from H-THI group had lesser individual piglet weight at weaning (P < 0.10), average daily gain of piglets (P < 0.05), and lactation average daily feed intake of sows (P < 0.05). Compared to sows fed the control diet, sows fed the SCFP diet had greater number of pigs weaned (P < 0.10), litter weight at weaning (P < 0.05), and average daily gain of piglets (P < 0.10). The number of piglets weaned was affected by THI × diet interaction (P < 0.05). The survival rate of piglets was not impacted by experimental treatments (P > 0.10).
Colostrum and Milk Composition
The effects of dietary supplementation of Saccharomyces cerevisiae fermentation product during late pregnancy and lactation on colostrum and milk composition of multiparous sows in a subtropical climate is summarized in Table 5 . The compositions of colostrum and 21-days milk were not influenced by experimental treatments (P > 0.10). However, compared with L-THI group, sows from H-THI group had lesser protein percentage in 14-days milk (P = 0.107), while dietary SCFP supplementation or THI × diet did not affect the composition of 14-days milk (P > 0.10).
The Antioxidant Status in Serum of Sows
The effects of dietary supplementation of Saccharomyces cerevisiae fermentation product during late pregnancy and lactation on antioxidant status in serum of multiparous sows in a subtropical climate is displayed in Table 6 . At 85-days postbreeding, i.e., the start of the feeding trial, antioxidant status including T-AOC, GSH-Px activity, SOD activity, GSH content, and MDA content was not different among experimental groups (P > 0.10). Compared with the L-THI group, sows from H-THI group had lesser T-AOC (P < 0.10) and SOD activity (P < 0.10) in serum at parturition, and lesser T-AOC (P < 0.10) and GSHPx activity (P < 0.05) in serum at 14-days post-partum. However, compared with sows fed the control diet, sows fed SCFP diet had greater T-AOC in serum at parturition (P < 0.05). However, the GSH content (P < 0.05) and MDA content (P = 0.107) in serum of sows at parturition were affected by THI × diet interaction. Table 7 gives the effects of dietary supplementation of Saccharomyces cerevisiae fermentation product during late pregnancy and lactation on antioxidant status in colostrum and milk of multiparous sows in a subtropical climate. Compared with the L-THI group, sows from the H-THI group had lesser SOD activity in colostrum (P < 0.05). Compared to sows fed the control diet, sows fed the SCFP diet had lesser MDA content in colostrum (P < 0.10) and 21-days milk (P < 0.05). The antioxidant status in colostrum, 14-days and 21-days milk were not impacted by THI × diet interaction (P > 0.10).
The Antioxidant Status of Colostrum and Milk
DISCUSSION
Reproductive Performance
The primary objective of this study was to investigate the effects of dietary supplementation of Saccharomyces cerevisiae fermentation product (SCFP) during late pregnancy and lactation on sow productivity, colostrum and milk composition, and antioxidant status of sows in a subtropical climate. In the present study, compared with sows from L-THI, sows from H-THI had lesser individual piglet birth weight (P < 0.10). It's reported that dietary supplementation of non-nutritive feed additives improved productive and physiological parameters of livestock (28, 29) . However, dietary supplementation of SCFP did not affect reproductive performance of sows. Many researchers have demonstrated that yeast culture supplementation has no effect on reproductive performance, and their results are consistent (12, 22, 23, (30) (31) (32) . Therefore, high THI impaired reproductive performance of sows, while dietary supplementation of SCFP did not affect reproductive performance.
Lactation Performance
In the present study, compared with L-THI group, sows from H-THI group had lower individual piglet weight at weaning (P < 0.10), average daily gain of piglets (P < 0.05), and lactation average daily feed intake of sows (P < 0.05), which indicates that H-THI impaired lactation performance of sows in a subtropical climate. However, SCFP supplementation improved lactation performance of sows, indicated by the increased number of piglets at weaning (P < 0.10), litter weight at weaning (P < 0.05), and average daily gain of piglets (P < 0.10). It appears that SCFP supplementation relieved some of the adverse effects of high THI on lactation performance of sows. Kim et al. reported feeding SCFP (12 and 15 g/days during gestation and lactation, respectively) to sows during middle and late pregnancy and lactation increased litter weight gain by 6.9% (P < 0.01) (23). Kim et al. conducted another study involving 491 mixed-parity sows to explore the effects of feeding SCFP to sows during middle, late gestation and lactation on sow productivity, and they reported that SCFP supplementation increased litter weight gain for the multiparous sow (22) . Similarly, Shen et al. (12) reported the effects of supplementation of SCPF during whole gestation and lactation on sow and litter performance, and found that feeding 12 (gestation) and 15 g/days SCFP (lactation) to sows had no effect on reproductive performance of sows, but improved litter weight at weaning (P = 0.068) and litter weight gain (P = 0.084) (12) , which is in agreement with our results. Considering the supplementation dosage of yeast culture, the present study was 3 kg/t with 2.5-3.5 kg/d (gestation) and 4.37-4.66 kg/d (lactation) feed intake. Thus, the calculated yeast culture intake was 7.5-10.5 kg/d (gestation) and 13.11-13.98 kg/d (lactation), which is similar to the dosage of other reports (12, 22, 23) . Regarding experimental duration, our study was conducted during late gestation and lactation, the studies of Kim et al. (22, 23) were done during middle, late gestation and lactation, while the study of Shen et al. (12) was conducted throughout the pregnancy and lactation. Even with different experimental durations, results were consistent. Therefore, it is reasonable to conclude that high THI impaired lactation performance of sows, while dietary supplementation of SCFP improved lactation performance of sows.
Colostrum and Milk Composition
The nutritional composition and production of colostrum and milk is one of the main factors affecting the growth and development of nursing piglets (12) . Many factors are impacting the composition and yield of colostrum and milk of dairy animals, such as animal breed, health status, environmental conditions and feeding program (33) . Heat stress adversely affects the health of animals, and further negatively affects the composition and yield of colostrum and milk (33) . Our results demonstrated that sows from H-THI had decreased protein percentage in 14-days milk (P = 0.107), which is probably mainly due to the decreased lactation feed intake of sows (P < 0.05). In our research, lactation feed intake and colostrum and milk composition were not improved by dietary supplementation of SCFP (P > 0.10). In agreement with our results, Shen et al. (12) reported that feeding SCFP to sows during the whole gestation and lactation did not impact the composition of colostrum and milk (12) . Jang et al. directly fed live yeast to sows during pregnancy and lactation, and reported that live yeast had no beneficial effects on milk composition including fat, lactose, protein, solid-not-fat, and total solid (34). It is not clear how yeast culture can improve lactation performance of sows when the composition of colostrum and milk is unaffected. The most likely explanation is that yeast culture supplementation did not affect colostrum and milk composition of sows, but improved litter weight means through an increase of milk production (12) . Therefore, H-THI negatively affected milk composition probably due to decreased lactation feed intake, while dietary supplementation of SCFP had no beneficial impact on colostrum and milk composition.
The Antioxidant Status in Serum of Sows
Sows during the perinatal period suffer from high oxidative stress status due to greater metabolic activity (9, 11) . Heat stress has been reported to induce reactive oxygen species (ROS) production due to the similarities in responses observed following heat stress compared to that occurring following exposure to oxidative stress (35). It's reported that mannan oligosaccharides supplementation can improve productivity and health status of layer chickens (36) and rabbits (37) . SCFP includes mannan oligosaccharides. In the present study, H-THI decreased T-AOC (P < 0.10) and SOD activity (P < 0.10) in the serum of sows at farrowing, and lower T-AOC (P < 0.10) and GSH-Px activity (P < 0.05) in the serum of sows at 14-days post-partum, demonstrating the effects of H-THI on the serum antioxidant status in sows.
In agreement with our results, Zhao et al. reported that heat stress aggravated oxidative stress of sows (38) . However, sows fed the SCFP diet had higher T-AOC in serum at parturition (P < 0.05) compared with sows fed the control diet. This indicates that SCFP supplementation successfully increased the antioxidant status of sows. In agreement with our results, it was reported that yeast polysaccharides possess antioxidant function in both in vivo and in vitro models (39, 40) . It was also reported that feeding yeast products enhanced serum and intestinal antioxidant indexes of weaned piglets (41). Yao et al. extracted water-soluble components from yeast culture, and found that it could protect intestinal mucosal cells of grass carp (Ctenopharyngodon idella), in vitro, from MDA-induced damage through enhancing cellular antioxidant capacity (42) . Therefore, H-THI negatively affected the antioxidant status of sows, while SCFP supplementation improved the antioxidant status of sows.
The Antioxidant Status in Colostrum and Milk
Colostrum and milk are very important and primary nutrient sources for newborns, and provide antioxidant protection for newborns in early life. Heat stress negatively affects antioxidant status in colostrum and milk, which indicates that heat stress may impact nursing babies. In the present study, compared with the L-THI group, sows from the H-THI group had lower SOD activity in colostrum (P < 0.05), which indicates that H-THI decreased the antioxidant status of colostrum. Compared to sows fed the control diet, sows fed the SCFP diet had lesser MDA content in colostrum (P < 0.10) and 21-days milk (P < 0.05), which indicates that SCFP supple-mentation increased the antioxidant status of colostrum and milk. Abuelo et al. reported that the redox balance of the colostrum had a significant effect on both calf oxidative status and passive immune transfer (43) . The improved antioxidant status of colostrum and milk would help new-born piglets to enhance their poorly developed antioxidant system (44) and relieve upcoming weaning stress involving oxidative stress (45) . Therefore, H-THI negatively affected the antioxidant status of colostrum, while SCFP supplementation improved the antioxidant status of colostrum and milk.
CONCLUSIONS
In conclusion, H-THI negatively affected the productivity, milk composition, antioxidant status, and lactation feed intake of sows. Dietary supplementation of SCFP partially alleviated the adverse effects of H-THI, improved lactation performance and antioxidant status of sows without influencing reproductive performance and colostrum and milk composition.
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